We present the results of a survey for low frequency radio emission from 17 known exoplanetary systems with the Murchison Widefield Array. This sample includes 13 systems that have not previously been targeted with radio observations. We detected no radio emission at 154 MHz, and put 3σ upper limits in the range 15.2-112.5 mJy on this emission. We also searched for circularly polarised emission and made no detections, obtaining 3σ upper limits in the range 3.4-49.9 mJy. These are comparable with the best low frequency radio limits in the existing literature and translate to luminosity limits of between 1.2 × 10 14 W and 1.4 × 10 17 W if the emission is assumed to be 100% circularly polarised. These are the first results from a larger program to systematically search for exoplanetary emission with the MWA.
INTRODUCTION
Magnetised extrasolar planets are expected to emit strongly at radio wavelengths, in the same way as magnetised planets in our own solar system (Winglee et al. 1986; Zarka et al. 2001) . Intense emission can be generated by the electroncyclotron maser instability if the planet has an intrinsic magnetic field and a source of energetic electrons (Dulk 1985) . This emission is sporadic, with variability timescales spanning seconds to days. Unlike in the optical regime, in which radiation from planets is much weaker than that of their parent star, in radio it can be of comparable strength: Jupiter's radio emission in the decametre band is as intense as solar radio bursts (Zarka et al. 2001) . The strongest exoplanetary emission is likely to be from planets that are more massive than Jupiter, orbiting their parent star at short orbital distances.
A majority of exoplanets have been discovered through indirect means such as radial velocity and transit searches (Perryman 2011) . A small number of known exoplanets 1 have been detected through direct imaging, and radio observations provide another method of making direct detections. Radio observations of exoplanets would allow us to confirm that the planet has a magnetic field, and put a limit on the magnetic field strength near the surface of the planet (Hess & Zarka 2011) . The detection of circular polarisation would indicate which magnetic hemisphere the emission comes from and would give a limit on the plasma density in the magnetosphere (Bastian et al. 2000) .
Early attempts to detect radio emission from exoplanets occurred before the discovery of the first exoplanet around a main sequence star, 51 Peg, by Mayor & Queloz (1995) . For example, Winglee et al. (1986) targeted six nearby stars with the Very Large Array (VLA) at 333 and 1400 MHz, but made no detections. More recently, there have been a number of attempts to detect radio emission from known exoplanets. Bastian et al. (2000) conducted a search of seven exoplanets with the VLA at 333 and 1465 MHz and one at 74 MHz. They made no detections, with typical 3σ upper limits of 0.06-0.21 mJy at 1465 MHz, 3-30 mJy at 333 MHz and 150 mJy at 74 MHz. Lazio et al. (2004) observed five exoplanets with the VLA at 74 MHz, as part of the VLA Low Frequency Sky Survey (VLSS), finding 3σ upper limits of 262-390 mJy. George & Stevens (2007) targeted ǫ Eri and HD 128311 at 150 MHz with the Giant Metrewave Radio Telescope (GMRT). They reported 3σ limits of 9.4 mJy and 18.6 mJy respectively for the two systems. Smith et al. (2009) targeted HD 189733 during the planet's secondary eclipse, reporting a 3σ upper limit of 81 mJy in the frequency range 307-347 MHz. Lazio et al. (2010) targeted HD 80606b with the VLA and reported 3σ limits of 1.7 mJy at 325 MHz and 48µJy at 1425 MHz. Stroe et al. (2012) observed τ Bootis at 1.7 GHz with the Westerbork Synthesis Radio Telescope, and reported a 3σ upper limit of 0.13 mJy on emission from the exoplanetary system. Hallinan et al. (2013) observed τ Bootis with the GMRT, reporting a 3σ upper limit of 1.2 mJy at 150 MHz.
GMRT observations of the Neptune-mass exoplanet HAT-P-11b by Lecavelier des Etangs et al. (2013) show a 1 See http://exoplanet.eu/catalog for a complete catalogue possible detection of radio emission. If the emission is associated with the planet, then the flux density is 3.87 mJy at 150 MHz. However, they reported that the detection was not confirmed in follow-up observations, and deeper observations are required. The largest radio survey of exoplanets to date was conducted by Sirothia et al. (2014) , with data from the TIFR GMRT Sky Survey. No detections were made, with 150 MHz 3σ upper limits of between 8.7 and 136 mJy placed on 171 planetary systems. In summary, there have been no confirmed detections of planetary systems at radio wavelengths to date.
Cyclotron maser emission has a maximum frequency determined by the electron gyrofrequency and is proportional to the magnetic field strength (see Equation 1; Farrell et al. 1999) . Cyclotron maser emission is 100% circularly polarised, and so planets should be detectable in circular polarisation (Stokes V) at similar levels to their total intensity (Stokes I) emission. Exoplanetary radio emission is expected to peak at frequencies less than 10−100 MHz (see, for example, Grießmeier et al. 2007 ) and hence has been inaccessible by most telescopes.
In this paper we present a search for low frequency radio emission from known exoplanets with the Murchison Widefield Array (MWA; Lonsdale et al. 2009; Tingay et al. 2013; Bowman et al. 2013) . We have targeted 17 exoplanetary systems that fall within the region of the MWA Transients Survey (MWATS), a blind survey for transients and variables. The MWA sensitivity is confusion limited in Stokes I. However, we take advantage of the low density of circularly polarised sources and hence the improved sensitivity in Stokes V to conduct deeper searches for polarized radio emission from these sources. Using the assumption that the circularly polarised emission is a large fraction of the total intensity, these limits can be used to calculate luminosity limits. Note that this also ignores the likely time variability of exoplanetary radio emission.
OBSERVATIONS AND DATA ANALYSIS
The Murchison Widefield Array is a 128-tile low-frequency radio interferometer located in Western Australia. It operates between 80 and 300 MHz with a processed bandwidth of 30.72 MHz for both linear polarisations. The 128 tiles are distributed over a ∼ 3-km diameter area, with a minimum baseline of 7.7 m and a maximum baseline of 2864 m. MWA operations began in 2013 June. See Hurley-Walker et al. (2014) and Bell et al. (2014) for a description of the MWA observing modes.
We obtained observations between 2013-07-09 and 2014-06-13 (UTC) as part of the MWATS survey (Bell et al., in prep) . Three different meridian declination strips at Dec = 1.6
• , −26.7
• (zenith) and −55
• were observed in drift scan mode for a whole night, at a cadence of approximately once per month (at 154 MHz). Each declination was observed in turn with a integration time of two minutes. The ∼ 25
• field of view (equivalent to about 2 hours of sidereal time) means that each observation overlaps with the previous one at the same declination. The specific declination strips that contained our target sources for this work are summarised in Table 1 . 
Data reduction
Our data reduction and analysis procedure follows the approach described by Bell et al. (2014) . Each declination strip was calibrated using a two minute observation of a bright, well modeled source. A single time-independent, frequency dependent amplitude and phase calibration solution was applied to all observations for a given night (per declination strip). For each snapshot observation, the visibilities were preprocessed with the Cotter MWA preprocessing pipeline, which flags radio-frequency interference using the AOFlagger (Offringa et al. 2012) , averages the data and converts the data to the CASA measurement set format.
The observations were then imaged and cleaned using the WSClean algorithm (Offringa et al. 2014) . A pixel size of 0. ′ 75 and image size of 3072 pixels was used for imaging. The WSClean algorithm was used to produce both Stokes I images with Briggs weighting −1 (closer to uniform weighting) and Stokes V images with Briggs weighting +1 (closer to natural weighting). The WSClean algorithm does this by forming a 2 × 2 complex Jones matrix I for each image pixel. Beam correction is then applied by inverting the beam voltage matrix B, and computing B −1 IB * −1 where * denotes the conjugate transpose. A full description of this approach is given by Offringa et al. (2014) . Note that some aspects of the MWA data reduction process are being improved, and so future work is likely to have somewhat better sensitivity than presented here. For each of the declination strips the resulting images (in Stokes I and Stokes V) were mosaiced together (co-added and weighted by the primary beam) to increase the sensitivity, as described by Hurley-Walker et al. (2014) . Our final data product consisted of a series of snapshot images with two minute integrations, and a mosaiced image that combined all the snapshot images for a single night of observing (the number of snapshots in each night is given in Table 1 ).
Sample Selection
Of the 1110 confirmed exoplanetary systems 2 , 347 fall within the region covered by the MWATS survey as at 2014 June. We calculated the expected maximum emission frequency and flux density using the models of Lazio et al. (2004) selected the sources for which these parameters were close to or above the MWA detection capabilities. We also included the sources listed by Nichols (2012) as the ten most likely candidates for radio emission generated by magnetosphereionosphere coupling. This resulted in a sample of 17 of the most likely candidates for detectable emission at MWA frequencies. Fifteen of these sources are in the southern hemisphere and, as most previous studies have focused on northern samples, have not previously been targeted with radio observations. Table 2 lists the key properties of the exoplanetary systems in our sample.
RESULTS AND DISCUSSION
We searched the individual snapshot images and mosaiced images in Stokes I and Stokes V for all of the exoplanetary systems in our sample. No radio sources were detected at the positions of any of the systems considered, within the MWA position errors. For each source we measured the upper limit on the Stokes I and Stokes V emission in each snapshot image and in the mosaiced image by calculating the rms in a box several times the synthesised beam, centred on the source position. Table 3 shows the best measured limits from the mosaiced images (effectively limits on steady emission from these systems). Each target source typically appeared in ∼ 20 − 30 snapshot images, so the limits in the snapshot images (which have an integration time of 2 minutes and a cadence of 6 minutes) were typically a factor of ∼ 4−6 times higher than the mosaiced images.
Note that an imperfect MWA primary beam model means that flux density measurements far from the phase centre of an observation could have errors of up to 10% (Hurley-Walker et al. 2014) . The polarisation leakage has been estimated empirically by measuring the polarisation of bright sources as they pass through the primary beam. The leakage is typically 1 − 2% at zenith and up to 3 − 5% at low elevations where the beam is less well modelled (Sutinjo et al. submitted).
We calculated luminosity limits from steady emission, assuming an emission bandwidth equal to the observing frequency (154 MHz) and a solid angle of 4π sr (i.e. we are ignoring any beaming of the emission). These are shown in Columns 3 and 5 of Table 3 for Stokes I and Stokes V respectively. For comparison, we have also converted the limits published in the literature using the same method. These are shown in Figure 1 , with our new limits as black circles.
The maximum emission frequency of cyclotron maser emission is at the electron gyrofrequency and is proportional to the maximum planetary magnetic field strength, B max p (Farrell et al. 1999) :
Hence a detection at 154 MHz would imply a magnetic field strength of Bp = 55 G. The Jovian magnetic field, predicted by models based on spacecraft observations of Jupiter, ranges in strength from 2 to 14 G (Connerney 1993) . Hence, for an exoplanet to be detected at 154 MHz, it would need a magnetic field strength approximately four times that of Jupiter's. Models of convection-driven dynamos in planets predict that Table 2 . Properties of exoplanetary systems targeted in our survey. Np is the number of known planets in the system. Where there are multiple planets, the properties are given for the first discovered planet (which in all cases except Gliese 876 b is the planet closest to its host star). a is the semi-major axis and D is the distance to the star. S 150 is best low frequency (150 MHz) 3σ flux limit from the literature where available (Geo07: George & Stevens 2007) and (Sir14: Sirothia et al. 2014) . Note that Sirothia et al. (2014) report a 120 mJy source at 3. ′′ 2 from the position of 61 Vir. However, it is likely this is a background source unassociated with the exoplanetary system (see text for more details). young, giant extrasolar planets of 5-10 Jupiter masses could have a surface magnetic field strength 5-12 times larger than Jupiter's surface magnetic field (Christensen & Aubert 2006; Christensen et al. 2009 ).
We have measured 3σ flux density limits between 3.4 and 49.9 mJy in Stokes V (see Table 3 ). The high values for several of the Stokes V limits are due to contamination from a nearby bright source or Galactic plane emission. Assuming 100% circularly polarised emission, these translate to luminosity limits between 5.8 × 10 13 W and 6.8 × 10 16 . These are comparable to the best radio limits given in the literature for ǫ Eri (George & Stevens 2007) and 47 UMa (Bastian et al. 2000) . Jupiter generates between 10 10 and 10 11 W of power between 1 and 40 MHz (Zarka et al. 2004 ), making our best limits about 3 orders of magnitude greater. Table 3 also lists predicted radio flux densities from various models presented in the literature. Columns 6 and 7 give predictions for the characteristic emission frequency νc (in MHz) and the burst flux density at that frequency Sν (in mJy) from Lazio et al. (2004) . These are calculated from the radiometric Bode's law and Blackett's law (see Lazio et al. 2004) , and then applying the assumption that This work Sirothia 2014 limits 47_Uma_b (Bas00) 51_Peg_b (Bas00) 55_Cnc_b (Bas00) 70_Vir_b (Bas00,Laz04) HAT-P-11_b (Lec13) HD_104985_b (Laz04) HD_108874_b (Laz04) HD_114762_b (Bas00) HD_128311_b (Geo07) HD_189733_b (Smi09) HD_80606_b (Laz10) eps_Eridani_b (Geo07) tau_Boo_b (Hal13,Laz04,Str12) ups_And_d (Bas00) 35.7 357.1 Implied magnetic field strength (G) Figure 1 . Luminosity limits on radio emission from exoplanets. The limits from this work, calculated from our Stokes V measurements, are shown as black circles. The references in the legend are: Bas00 (Bastian et al. 2000) ; Laz04 (Lazio et al. 2004 ); Geo07 (George & Stevens 2007) ; Smi09 (Smith et al. 2009 ); Laz10 (Lazio et al. 2010 ); Str12 (Stroe et al. 2012 ); Hal13 (Hallinan et al. 2013 ); Lec13 (Lecavelier des Etangs et al. 2013 ). The secondary x-axis gives the implied magnetic field strength B max p calculated using Equation (1). burst flux density could be factor of 100 greater than these calculations. Our measured limits for Gl 86, GJ 674, 61 Vir, HD 41004 B, Gl 785 and Gliese 876 are lower than these predictions, although note that the characteristic emission frequency is predicted to be outside the MWA frequency range for all but two of these. Grießmeier et al. (2007 Grießmeier et al. ( , 2011 present predictions based on three models of exoplanetary emission: a magnetic energy model, a kinetic energy model, and a model in which exoplanets are assumed to be subject to frequent stellar eruptions similar to solar coronal mass ejections. Columns 8 and 9 of Table 3 gives the maximum predicted emission frequency ν (in MHz) and the corresponding flux density Sν (in mJy) from these three models. For the three sources that have a predicted emission frequency within the range of the MWA (WASP-18, HD 41004 B and HD 162020) we provide constraining limits for the first two.
Finally, Nichols (2012) presents predictions based on a model of magnetosphere-ionosphere coupling in Jupiter-like exoplanets. Nichols (2012) gives predictions for the maximum flux density based on different values of dynamic pressure and planetary angular velocity. Column 10 gives the predicted flux density based on solar dynamic pressure and angular velocity (S1, at 24 MHz, in mJy). Column 11 gives the predicted flux density based on solar dynamic pressure and 3×-solar angular velocity (S3, at 54 MHz, in mJy). These predictions are all below our observed limits.
One of the sources in our target list, 61 Vir, was discussed by Sirothia et al. (2014) , who reported a 120 mJy source at 150 MHz, located 3.
′′ 2 from the position of the star. We detect a source at 187 mJy at the same position. This is an NVSS source (NVSS J131823-181851) with a flux density of 50.9 mJy at 1.4 GHz (Condon et al. 1998) and is also detected in the Westerbork In the Southern Hemisphere (WISH) survey with a flux density of 159 mJy at 325 MHz (De Breuck et al. 2002) . The position of the source in NVSS, WISH and our MWA observations agree to within the respective survey errors. The high proper motion of 61 Vir ((1070.36, −1063.69 ) mas/year; van Leeuwen 2007) argues against this radio source being associated with the star or planetary system. When the NVSS images were taken (between 1993 and 1996) , the proper motion corrected position of 61 Vir would have been offset by at least 22.
′′ 3 from the NVSS position, well outside the NVSS positional error of ∼ 1 ′′ . Hence we conclude that this is a background radio source that is not associated with 61 Vir.
CONCLUSION
We have presented the first results from a survey for low frequency radio emission from 17 known exoplanets with the Murchison Widefield Array. This sample includes 13 exoplanets that have not previously been targeted with radio observations. We made no detections of radio emission at 154 MHz, and put upper limits in the range 15.2-112.5 mJy on this emission. We also searched for circularly polarised emission and made no detections, putting upper limits in the range 3.4-49.9 mJy. These are comparable with the best low frequency radio limits in the existing literature and translate to luminosity limits in the range of 5.8 × 10 13 W to 6.8 × 10
16 W if the emission is assumed to be 100% circularly polarised.
As discussed by Bastian et al. (2000) , there are a number of reasons which may explain why we have not made any detections. The most obvious is that we need more sensitive observations, as only our best limits place any constraints on predicted flux densities. The second issue is that our observing frequency, while lower than many previous observations of exoplanetary systems, is still too high compared to the predicted maximum emission frequency for many systems in our sample. These instrumental limitations will be reduced with future telescopes, and ultimately the Square Kilometre Array low frequency instrument (Lazio et al. 2009 ).
In addition to these limitations, we need observations with better coverage of the planetary orbital period. Radio emission from exoplanetary systems is likely to be orbitally beamed, and so full coverage of a planetary orbital period would put a more stringent limit on the emission. Since we do not know the axis of beaming, it is critical to target a range of known exoplanets. As well as being modulated by the orbital frequency, it is likely that the emission is time variable. Hence the ideal observing program would involve constant monitoring of a large number of exoplanetary systems.
In future work with the MWA we will use lower frequency (90 MHz) observations and cover the full orbital period of several known systems to increase the probability of detection. There are also projects underway with LOFAR to search for exoplanetary radio emission (Zarka et al. 2009 ). The development of the Square Kilometre Array low frequency instrument (SKA1-Low) will provide an opportunity to detect exoplanets at low frequencies (a Jupiter-like planet could be detected out to ∼ 10 pc), and enable blind surveys which have the potential to discover new exoplanetary systems through their radio emission (Zarka et al. 2014) .
